We have constructed a composite image of the fault systems of the M 6.7 San Fernando (1971) and Northridge (1994), California, earthquakes, using industry reflection and oil test well data in the upper few kilometers of the crust, relocated aftershocks in the seismogenic crust, and LARSE II (Los Angeles Region Seismic Experiment, Phase II) reflection data in the middle and lower crust. In this image, the San Fernando fault system appears to consist of a decollement that extends 50 km northward at a dip of ϳ25؇ from near the surface at the Northridge Hills fault, in the northern San Fernando Valley, to the San Andreas fault in the middle to lower crust. It follows a prominent aseismic reflective zone below and northward of the main-shock hypocenter. Interpreted upward splays off this decollement include the Mission Hills and San Gabriel faults and the two main rupture planes of the San Fernando earthquake, which appear to divide the hanging wall into shingleor wedge-like blocks. In contrast, the fault system for the Northridge earthquake appears simple, at least east of the LARSE II transect, consisting of a fault that extends 20 km southward at a dip of ϳ33؇ from ϳ7 km depth beneath the Santa Susana Mountains, where it abuts the interpreted San Fernando decollement, to ϳ20 km depth beneath the Santa Monica Mountains. It follows a weak aseismic reflective zone below and southward of the mainshock hypocenter. The middle crustal reflective zone along the interpreted San Fernando decollement appears similar to a reflective zone imaged beneath the San Gabriel Mountains along the LARSE I transect, to the east, in that it appears to connect major reverse or thrust faults in the Los Angeles region to the San Andreas fault. However, it differs in having a moderate versus a gentle dip and in containing no mid-crustal bright reflections.
INTRODUCTION
The San Fernando Valley region of southern California has undergone two moderate earthquakes since 1970, causing combined damages of tens of billions of dollars. Both earthquakes presented puzzles to the earth science community. The 1971 M 6.7 San Fernando earthquake was complex, with a number of proposed models of the subsurface ruptures (Hanks, 1974; Allen et al., 1975; Langston, 1978; Heaton, 1982) . The 1994 M 6.7 Northridge earthquake could be fit with simpler rupture models (e.g., Wald et al., 1996) , but there is controversy over which fault was involved, because no surface rupture occurred (cf. Namson, 1994, with Yeats and Huftile, 1995) . In addition, the causative fault dips south, in contrast to most exposed faults, which dip north. In an effort to better understand the tectonics of the San Fernando Valley region, a deep-seismic imaging profile, the Los Angeles Region Seismic Experiment, Phase II (LARSE II, line 2), was conducted in 1998-1999 (Fig. 1) .
The chief goal of LARSE is to produce seismic images of sedimentary basins and faults in the Los Angeles region to address earthquake hazards posed by these geologic features. A prior transect (LARSE I, line 1) crossed the east-central Los Angeles region and the San Gabriel Mountains ( Fig. 1 ; Lutter et al., 1999) . Along line 1, a bright reflective zone was discovered in the middle crust (ϳ20 km depth) beneath the San Gabriel Mountains that appears to contain fluids and to connect the San Andreas fault, by way of interpreted upward fault splays, to compressional faults in the Los Angeles region to the south (Ryberg and Fuis, 1998; Fuis et al., 2001b) . In LARSE II, we hoped to image the causative faults for the San Fernando and Northridge earthquakes but, instead, imaged their deep, aseismic extensions into the middle crust. To complete an image of the upper crustal parts of these fault systems we relocated aftershocks and used industry reflection and oil test-well data.
TECTONIC SETTING
Historic faulting in the San Fernando Valley, a Cenozoic sedimentary basin, has occurred along conjugate reverse fault systems, the north-dipping San Fernando system (e.g., Allen et al., , 1975 U.S. Geological Survey Staff, 1971 ) and the south-dipping Northridge system (e.g., Hauksson et al., 1995; Wald et al., 1996) (Fig. 1) . Mori et al. (1995) suggested that the northeastern part of the Northridge aftershock zone is truncated by the southwestern part of the San Fernando aftershock zone. Tsutsumi and Yeats (1999) suggested that the San Fernando fault zone actually extends at depth southwestward of the 1971 surface breaks to the Northridge Hills fault, and they interpreted the 1971 surface breaks and the Mission Hills fault as upward splays from this southward extension. (For a more detailed summary of the geology and tectonics along line 2, see Fuis et al., 2001a.) 
ANALYSIS
Reflection data (ϳ15-fold maximum) was obtained from line 2, a stationary array, with average shot and receiver spacing (in the southern 80 km) of 1200 and 100 m, respectively (see Fuis et al., 2001a; Murphy et al., 2002) . Shallow features in the data (Ͻ5 km depth) are best observed in a migrated common-midpoint (CMP) stack (Fig. 2 1 ) . For this image, we used poststack Kirchhoff migration. Deeper features appear best in unmigrated data. To create an image from this deeper data, we first made an automatic line drawing using the method of Alsdorf (1997) , extended by Bauer (2001) . These automatic picks were checked by independent manual picking. Next, we migrated these lines in a laterally varying velocity model using a method developed in this study based on tracing rays with appropriate ray parameters (p ϭ sin /v) for each reflector from the surface to the appropriate traveltimes (, dip of reflector; v, local P velocity).
The velocity model for line 2 ( Fig. 3 ; see footnote one) was obtained from inversion of explosion traveltimes using the method of Lutter et al. (1999) . The darker colors in Figures 3 and 4 (see footnote one) show the regions of the model with resolution values Ն0.4, a threshold for acceptable resolution (Lutter et al., 1999) .
To relocate the San Fernando and Northridge aftershocks, we used P and S arrival-time data (1971 to present) from the Southern California Seismic Network (SCSN), arrival-time data from portable seismographs deployed for two months following the 1971 earthquake (Mori et al., 1995) , and P arrival-time data from 16 LARSE II shots recorded by the SCSN. For starting models, we used Vp and Vp/Vs models of Hauksson (2000) . The arrival-time data and models were inverted simultaneously using the method of Thurber (1993) . Relocations of the LARSE II shots are within 0.3-1.0 km of actual locations. To improve the relative spatial clustering of the aftershocks, we selected only events within 15 km of a station and relocated these using the double-difference method of Waldhauser and Ellsworth (2000) . We obtained relative location accuracies on the order of hundreds of meters for both the 1971 and 1994 sequences. For the epicenter of the 1971 mainshock, we chose that of Hadley and Kanamori (1978) , who used S-P travel times from strong-motion records to supplement SCSN data; for the hypocentral depth we chose 13 km, determined by Langston (1978) using teleseismic depth phases.
RESULTS

Reflections
High-amplitude bands of energy are present in our image beneath the San Fernando and Santa Clarita Valleys (Fig. 2) . These bands result from stacking CMP sections out to 25 km offsets and, thus, wide angles. They do not represent true reflections but a combination of energy from rays that graze the bottoms of basins, turning in high-velocity gradients, and first arrivals. It is not possible with well data currently available to interpret these energy bands in terms of actual basin depths, but they probably convey first-order basin shape. These bands are approximately between the 5.0 and 5.5 km/s velocity contours (Fig.  3) ; rocks below might be crystalline rocks or possibly Mesozoic or older sedimentary rocks (basement rocks; see Lutter et al., 1999 , for velocity and rock interpretations on line 1).
These energy bands appear to be truncated in the San Fernando Valley near the Northridge Hills fault and in the Santa Clarita Valley near the San Gabriel fault (Fig. 2) . Industry reflection data recorded along and near line 2 document a moderate northward dip for the Northridge Hills fault (Fig. 2) , and we have interpreted a deep northward projection of this fault along the approximate base of San Fernando aftershocks ( Fig. 3 ; see following). Well data in the Santa Clarita Valley indicate a steep northward dip for the San Gabriel fault ranging from 68Њ to 76Њ in the upper couple of kilometers, and truncation of the basin-bottom energy at ϳ3.5 km depth is consistent with this dip (Fig. 2) . The projected Northridge Hills and San Gabriel faults intersect near the projected hypocenter of the San Fernando earthquake.
A prominent zone of deep reflections extends downward and northward from the hypocenter of the San Fernando earthquake (Figs. 3D, 3F, 4, and 5), with three separate north-dipping reflectors converging downward into a complex zone that broadens downward. Reflectors at the top of this zone dip gently northward and terminate just south of the San Andreas fault at ϳ21 km depth; reflectors at the bottom of Heaton (1982) . In panels A-F: thick yellow-orange line segments-base of Cenozoic sedimentary rocks based on outcrops or well data; thin yellow-orange lines-possible base of Cenozoic sedimentary rocks based on interpreted basin-bottom energy bands (Fig. 2) . Darker, multicolored region (above region of light violet) represents part of velocity model where resolution ≥ 0.4 (see color bar).
In both (E) and (F), faults are interpreted as follows: below mainshocks, from line 2 reflective zones; above mainshocks, from aftershocks; near surface, from industry reflection and well data (see also Fig. 2) . Line 2 reflective zones project upward along bases of both aftershock zones. For San Fernando earthquake, deep reflective zone, base of aftershocks, and Northridge Hills fault (NHF) appear coplanar; this plane is interpreted as decollement. Modeled rupture planes of Heaton (1982) , San Gabriel fault, and Mission Hills fault appear to define shingle-or wedge-shaped bodies of rock that are interpreted to slide on this decollement. Bottom panels are migrated industry reflection data (Chevron data donated to Southern California Earthquake Center) for two profiles parallel to or collinear with line 2. Panels were converted to depth using velocity log from well a (Brocher et al.,1998 Distance ( 5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95 100   Distance (km)   0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95 100  0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95 100  0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95 100  0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95 this zone dip moderately and terminate just north of the San Andreas fault at depths of 27-30 km (Figs. 4 and 5) . The main zone of reflections dips ϳ25Њ.
This zone of reflections is overprinted by a south-dipping zone of reflections extending from the central Mojave Desert to just south of the San Andreas fault (Figs. 4 and 5) . One of the reflectors in this zone correlates with reflector K of the COCORP data set, for which Cheadle et al. (1986) determined a dip of ϳ25Њ west-southwest; this reflector is not orthogonal to line 2 and would produce out-of-plane reflections. We have examined particle motions for out-of-plane components to all line 2 reflections, but the results were indeterminate.
A thin but perceptible zone of reflections extends downward and southward from the Northridge hypocenter to ϳ20 km depth beneath the Santa Monica Mountains, and an uninterpreted subparallel zone of reflections is seen ϳ5 km above this zone (Figs. 3C, 3E ).
Aftershocks
Aftershocks of the San Fernando earthquake are projected onto line 2 from a zone extending 10 km east of the line (Figs. 3B, 3D ). This wide zone of projection is required, given the sparseness of welldefined hypocenters, to see the full structure of the San Fernando event.
The interpreted downward projection of the Northridge Hills fault coincides with an upward projection of the deep reflective zone, along the approximate base of the aftershocks. Interpretation of a throughgoing decollement along these coplanar projections is supported by the fact that thrust-fault mechanisms predominate near the base of the aftershocks in the results of Hanks (1974) and Allen et al. (1975) . Note, however, that these authors preferred a stepped rupture plane that coincides in the west with our interpretation but steps up to the east. Our interpreted decollement is similar to the interpretation of Tsutsumi and Yeats (1999) . The deep projection of the San Gabriel fault to the 1971 hypocenter makes it a likely structural component in the San Fernando earthquake. When the two modeled rupture planes of Heaton (1982) are superposed on our interpretation (Fig. 3F) , they, along with the San Gabriel fault and Mission Hills fault, appear to define shingle-or wedge-like blocks in the hanging wall of the interpreted decollement.
Aftershocks of the Northridge earthquake are also projected onto line 2 from 10 km east (Figs. 3B, 3C ). The base of these aftershocks, dipping ϳ33Њ south, appears coplanar with an upward projection of a weak aseismic reflective zone below the main-shock hypocenter. One might interpret a fault here, similar to the decollement interpreted in the San Fernando fault system, that terminates upward at the San Fernando decollement in a fashion similar to that in the interpretation of Mori et al. (1995) . West of line 2, where the San Fernando and Northridge aftershocks do not overlap, this simple picture becomes more complex.
DISCUSSION
Reflectivity along line 2 (and also along line 1; Fuis et al., 2001b ) is similar to reflectivity along many deep continental profiles, in that most reflections are confined to the middle and lower crust (see Matthews and Smith, 1987) . The origin of this deep reflectivity has been debated, but most evidence favors the presence of lithostatically pressured fluid in cracks and pores (grain boundaries), under conditions of greenschist metamorphism, in the ductile part of the crust (e.g., Hyndman and Shearer, 1989) . Anisotropic mylonites, which are also produced at these conditions, are another possible origin. On line 1, fluids appear to be responsible for the brightest reflections (Ryberg and Fuis, 1998) . On line 2, we see that reflectivity along interpreted fault zones terminates upward near the hypocenters of the 1971 and 1994 earth-quakes (Fig. 3) . One interpretation of this pattern is that fluid-induced impedance contrasts (and hence strong reflectivity) persist upward in fault zones to the points where these fluids are periodically released in large earthquakes, as in the fault valve model of Sibson (1992) .
Comparison to Line 1
Comparing structures interpreted on LARSE lines 1 and 2, one sees similarities and differences (Fig. 5) . On both lines, the San Andreas fault forms a rough axis of symmetry for reflective zones. Although we do not image the San Andreas fault directly, we infer its deep projection based on truncation of deep reflections (see Fuis et al., 2001b) . On line 1 these deep reflections dip gently, whereas on line 2 they dip moderately. On both lines 1 and 2 the reflective zones that originate at or near the San Andreas fault and extend southward are interpreted to connect to surface reverse fault zones. On both lines, the reflective zones north of the San Andreas fault are not clearly connected to any surface tectonic features. Thus, in our interpretation, earthquake tectonics in the Los Angeles region involves a fundamental link between the San Andreas fault and compressional faults to the south.
